Abstract. It is still controversial to what extent elongation of regenerating sensory axons depends on proliferating Schwann cells (SCs) in an injured peripheral nerve. We hypothesized that such regeneration was independent of SC support early after nerve injury, but later became SC-dependent. The sural nerve in rats was crushed, and freezing destroyed cells but not their basal laminae (BL) in the distal nerve segment. Sensory axon elongation was assessed by the nerve pinch test and their abundance was examined immunohistochemically. Sensory axons regenerated fairly rapidly during the first week even if SC migration was prevented. Thereafter, they ceased to elongate and withdrew until their terminals contacted the SCs migrating from the proximal nerve segment. Intrinsic neuronal capacity for growth without cell support, however, had not been lost. Rather, progressive degradation of the former SC BL and loss of laminin in the acellular segment arrested axon growth. Further elongation occurred only when SC migration was possible, corroborating our hypothesis. Sensory neurons continued to elongate and maintain their axons in spite of deteriorating growth substratum if, prior to injury the axons had been allowed to sprout into the denervated skin. Previous sprouting exposed the sensory neurons to high levels of NGF.
INTRODUCTION
Proliferating Schwann cells (SCs) within basal lamina (BL) tubes provide a favorable microenvironment in the distal nerve stump for successful axon regeneration in the injured peripheral nerve (1) . Regenerating axons grow in furrows on the surface of SCs in intimate contact with the inner surface of the BL tube (2) . Good growth substratum for axons and increased production of different growth factors by cells in the distal stump support regeneration of the injured neurons (1) (2) (3) (4) . However, it is still unresolved as to what extent the growth-promoting ability of the distal stump can be ascribed to the proliferating living SCs, or to the extracellular material of their BL that provide an adhesive growth substratum.
If a frozen nerve graft containing BL but no SCs was sutured to the proximal nerve stump after nerve transection, the outgrowth of regenerating axons was limited to a distance of about 20 mm (5, 6) . Moreover, regeneration was prevented if proliferation and migration of SCs into the proximal stump was inhibited (7) . It was concluded that BL alone was insufficient for axonal outgrowth, but provided a low-resistance pathway for SC migration, which in turn supported limited axonal regeneration (5, 7) . On the other hand, regenerating axons in rats and cats were able to grow into the distal nerve segment even in the absence of SCs, at least in short-term experiments, if the continuity of the neurilemmal tubes had not been interrupted by the nerve lesion (crush injury) (8) (9) (10) . The rate of axon elongation through the acellular nerve segment was only modestly reduced, implying minor dependence of regenerating axons on SC support (9) (10) (11) (12) .
The above-mentioned controversial conclusions, however, were obtained under essentially different experimental conditions: nerve transection or crush. Due to a gap at the transection site between the proximal and distal nerve stump, the initial delay before the regenerating axons invaded the acellular nerve segment was much longer in transected than in crushed nerves (11) . Therefore, we hypothesized that the ability of regenerating axons to grow through an acellular nerve segment might be timedependent: axon growth may be rather independent of SC support during an early phase after axon injury but becomes dependent on SCs during a later phase. We also assumed that exposing the sensory neurons to increased levels of neuronal growth factor (NGF) prior to nerve lesion by allowing them to sprout collaterally into the adjacent denervated skin (13, 14) might prolong their cell supported independent phase of regeneration. The results corroborated our hypotheses. The initial rapid elongation of regenerating sensory axons through an acellular distal nerve segment stopped after about 8 days and the axons even started to retract towards the crush site. Further regeneration proceeded only when migration of the SCs from the proximal nerve segment was allowed. Prior collateral sprouting enhanced axon regeneration through the acellular nerve segment and prevented axon retraction.
MATERIALS AND METHODS

Experimental Animals and Anesthesia
Experiments were carried out on male albino Wistar rats, weighing 230-260 g at the time of surgery. All surgical procedures were performed under deep anesthesia with a dihydrothiazine and ketamine cocktail injected intraperitoneally (Rompun, Bayer, Leverkusen, Germany, 5 mg/kg; Ketalar, Parke-Davis and Co., Berlin, Fig. 1 . A graphic illustration of a part of the experimental design. In all the experimental animals, the right sciatic nerve was dissected free. Its branches were transected and ligated; the peroneal and tibial nerves in the popliteal region and the sural nerve just above the ankle. During the basic treatment (experiment A), the sural nerve was crushed in the popliteal region and its distal stump was frozen and thawed throughout. In experiment B, 7 days after the basic treatment, the second nerve crush was made 15-20 mm proximal to the first one and the nerve segment between the 2 crush sites was frozen and thawed (group B1). In the other group of animals (group B2), also 7 days after the basic treatment, the second crush was placed distal to the first one, so that the tips of the regenerating axons were crushed about 3 mm proximal to the positive pinch test site.
Germany, 90 mg/kg). Light anesthesia by pentobarbital (Nembutal, Abbott Labs, Abbott Park, IL, 20 mg/kg i.p.) was used during the nerve pinch test. All animal experiments in this study were conducted in compliance with approved institutional animal care and use protocols according to National Guidelines (Veterinary Administration of the Ministry for Agriculture, Forestry and Food of Slovenia, Permit No. 326-07-26/98).
Experimental Design
The basic treatment was common to all experimental groups. A unilateral sural nerve crush was performed with a 1-mm-broad non-serrated hemostat for 30 s. The proximal border of the lesion was marked by an epineurial suture (9.0). Cellular support to regenerating axons in the distal stump was eliminated by freezing and thawing (applying alternatively dry ice and physiological saline) an approximately 35-mm-long segment of the sural nerve distal to the crush. The distal end of the frozen-thawed nerve segment was transected and ligated to disconnect it from the potential more distal source of SCs. In addition, the adjacent nerves (n. tibialis and n. peroneus) were cut and ligated.
Rats in experiment A received only the basic treatment. They were left to recover for 2, 4, 6, 8, 11, 14, 28 , and 42 days after the initial injury, after which the nerve pinch test was performed in groups of 10-15 animals each. A regression line was calculated where possible and its slope gave the elongation rate of the fastest growing sensory axons. The abundance of axon regeneration was assessed by counting the number of neurofilament positive profiles (regenerated axons) in nerve cross sections taken 6 mm distal from the crush site.
In experiment B, the rats were divided into 2 groups (B1 and B2) (Fig. 1) . In group B1, the regenerating axons were provided with a freshly frozen distal nerve segment after 1 wk of regeneration in the absence of cell support. After the basic treatment, the animals were left to recover (and the axons to regenerate) for 7 days. Thereafter, the second nerve crush was made 15-20 mm proximal to the first and the nerve segment between the 2 crush sites was frozen and thawed. Elongation of the axons was assessed after 7 days by the nerve pinch test. In group B2, serving as a control, just the tips of the regenerating axons were crushed again about 3 mm proximal to the positive pinch test site 1 wk after the first crush, so that further regeneration continued along the degenerated acellular distal nerve segment.
In experiment C, SC proliferation in the proximal nerve segment of the nerves subjected to the basic treatment was inhibited by mitomycin. A fine 28-gauge needle attached to a 5 l Hamilton syringe was used to inject approximately 1 l of mitomycin C solution (400 g/ml) (11) just under the epineurium of the tip of the proximal nerve stump next to the crush site. Elongation of regenerating axons was assessed by the nerve pinch test 8, 14, 28, and 42 days after nerve crush and axon counts were performed.
In experiment D, the effect of prior collateral axon sprouting in the denervated skin on their subsequent regeneration through the acellular nerve segment was examined. The peroneal and tibial nerves were transected and ligated, which induced the uninjured axons of the sural nerve to sprout into the adjacent denervated skin in the foot for 14 days. Thereafter, the basic treatment (crush and freezing-thawing) was applied to the sural nerve. Elongation of regenerating axons was assessed by the nerve pinch test 8, 14, 28, and 42 days after nerve crush and axon counts were performed.
Nerve Pinch Test
The nerve pinch test was used to determine the distance made by the fastest growing regenerating sensory axons (15, 16) . The sural nerve was dissected under light anesthesia as far distally as possible and pinched by a fine forceps at 1-mm intervals starting from the most distal end and moving proximally. The site of the first nociceptive response (reflex withdrawal) of the animal was marked and its distance from the crush site (epineurial suture) was measured.
Immunohistochemical Analysis of Nerve Segments
Distal to the Crush Lesion
The animals were sacrificed after the pinch test by an overdose of Na-pentobarbital. The segment of the sural nerve distal to the crush was isolated, fixed in 4% buffered paraformaldehyde for 24 h, dehydrated in increasing concentrations of alcohol, and embedded in paraffin. Nerve sections 2-5-m-thick were cut from various levels of the sural nerve. All nerve sections to be compared were processed on the same slide. of the S-100 protein, a marker for SCs. Rabbit polyclonal antibodies to cow S-100 protein (Dakopatts) were applied to the longitudinal paraffin sections of the distal nerve segments. The presence of laminin in the treated and control (unoperated) nerves was demonstrated immunohistochemically by mouse monoclonal anti-laminin (mouse IgG1 isotype) antibodies to human laminin (Sigma Immunochemicals, Clone LAM-89), which were applied to the paraffin cross sections of the distal nerve segments. The sections were then processed with the peroxidase-labeled streptavidin-biotin method and examined by light microscopy.
Visualization of the Myelinated Axons Proximal to the Crush Site
Myelinated axons were visualized in the cross sections of the injured nerves by staining their myelin sheaths with Azur blue. Four weeks after nerve crush, a short segment of the sural nerve lying about 4 mm proximal to the crush site was excised. Sural nerve segments from the unoperated animals were excised at comparable sites. Excised segments were fixed in 2% glutaraldehyde and 2% paraformaldehyde in a veronal-acetate buffer, pH 7.4, for 12 h at 4ЊC. After washing in the same buffer, tissue samples were post-fixed for 1 h in osmium tetroxide. The nerve samples were then dehydrated and embedded in Epon. Semithin cross sections, 1.5-2-m-thick, were cut from the middle of the nerve segment and stained with Azur blue. Myelinated axons were counted in whole nerve cross sections. The counting of axons was performed under a light microscope (ϫ40 objective) using computerized image analysis with the Microcomputer Imaging Device program, version M4 (MCID).
Data Analysis
The elongation rate of the fastest sensory axons was determined on the basis of the slope of the regression line. Differences in means of several groups were tested using ANOVA. Relevant groups were thereafter compared by employing the Student t-test, taking into consideration Bonferroni's correction.
RESULTS
Regeneration of Sensory Axons in the Absence of Living Cell Support in the Distal Nerve Segment during 6 wk after Crush and Freezing of the Sural Nerve (Experiment A)
Elongation of the Fastest Growing Regenerating Sensory Axons: Elongation of the fastest growing sensory axons regenerating through the distal nerve segment devoid of living SCs was assessed by the nerve pinch test. It was found to be linear with time during the first week after nerve crush. Elongation rate, determined by the slope of the regression line, was 2.4 mm/day (Fig. 2) . However, the greatest distance reached by the axons after 11 days was virtually the same as that reached at 8 days after the injury, which indicates that elongation of the regenerating sensory axons stopped about 8 days after nerve crush. During the remaining days of the second week after nerve injury, the site of the most distant positive response to pinch started to retract towards the nerve crush site. The average distance of the positive pinch test on day 14 after nerve crush was already statistically significantly shorter (p Ͻ 0.01) than that on day 11. Twentyeight days after nerve injury, the greatest distance from the crush site at which the regenerating sensory axons could be detected was only about 5-7 mm, i.e. 11 mm less than that observed 11 days after nerve injury. The difference was statistically significant (p Ͻ 0.01). Thereafter, a small but significant (p Ͻ 0.01) elongation of sensory axons took place between day 28 and 42 after sural nerve crush.
Abundance of Regenerating Axons at a Fixed Distance from the Crush Site: By immunohistochemistry, axonal neurofilament-positive profiles in nerve cross sections taken 6 mm distal to the crush site were present in all the examined acellular distal nerve segments at day 14 after nerve crush; their number was 380 Ϯ 117 (mean Ϯ SD). Two weeks later, 28 days after crush, the axons were observed at the same distance in only 2 of 5 samples of the distal segment. The difference between the numbers of axons on days 14 and 28 was statistically significant (p Ͻ 0.01). The number of axons 42 days after nerve crush were again present in all the nerves and was 249 Ϯ 78.
The Number of Myelinated Axons in the Sural Nerve Proximal to the Crush Site: In order to check for possible neuron death during regeneration in the absence of cell support, myelinated axons in the sural nerves 4 mm proximal to the crush site were counted 28 days after the nerves had been crushed and frozen distally (Fig. 3) . The number of axons in these nerves was not significantly different from that of the sural nerves, which were regenerating through a distal nerve stump with preserved cellular support (p Ͼ 0.05). There was also no statistically significant difference between the number of axons in the sural nerves regenerating in the presence or absence of cell support in the distal segment and the number of myelinated axons in the normal uninjured sural nerve (p Ͼ 0.05).
Axon Regeneration through Successively Frozen Distal
Nerve Segments of the Crushed Sural Nerve
In experiment B, elongation of regenerating sensory axons was first determined 7 days after crushing the sural nerve and destroying the cells in the distal nerve segment by freezing and thawing. Thereafter, the second nerve crush was performed 15-20 mm proximal to the first crush site, and the segment distal to the second crush was frozen and thawed (group B1). The average distance reached by the fastest sensory axons regenerating through the freshly frozen nerve segment for 7 days after the second nerve crush did not differ significantly from the distance reached by the axons regenerating in the absence of cell support for 7 days after the first crush (p Ͼ 0.05) (Fig. 4) . Since it is possible that this robust growth during the second week was due to a conditioning lesion effect, a control experiment (group B2) was performed to test the effect of a conditioning lesion in the original experimental model, i.e. during prolonged regeneration through an acellular nerve segment. Sensory axon elongation was again first determined 7 days after crushing the sural nerve and freezing the segment distal to the crush site. The second crush of the sural nerve was then performed 3 mm proximal to the site of the positive pinch test. Seven days after the second sural nerve crush we could detect no response to pinching the nerve segment distal to the second crush site. On the contrary, the site of the positive response to pinch moved proximally by about 5 mm from the site of the second crush. The difference was statistically significant (p Ͻ 0.01).
Changes of Laminin Immunoreactivity in the BL of Neurilemmal Tubes in the Acellular Nerve Segment
Immunohistochemistry with a monoclonal antibody against laminin revealed a time-dependent change in the immunoreactivity of this BL glycoprotein in the frozen distal segment of the sural nerve (Fig. 5) . Nine days after nerve injury, anti-laminin immunoreactivity was still present in the BL of the neurilemmal tubes in the nerves that had been frozen (Fig. 5a ). However, 16 days after freezing and thawing of the distal nerve segment, the laminin immunoreactive structure of the BL was degraded to a variable extent, so that laminin could no longer be detected in many portions of the nerve cross section (Fig. 5b) . A decrease in laminin immunoreactivity in the The effect of the second crush lesion on the regeneration of sensory axons growing through the acellular distal nerve segment. Distances reached by the fastest growing sensory axons in 7 days are shown. a: experiment A; axon elongation after the basic nerve injury (crush ϩ freezing the distal nerve segment). b: group B1; 1 wk after the basic nerve injury the second crush was placed 15-20 mm proximal to the first, the nerve segment distal to this crush site was frozen and axon elongation through the frozen distal nerve segment was measured 7 days after the second crush. c: group B2; 1 week after the basic nerve injury, the second crush was placed distal to the first one so that the regenerating axons were injured again and axon elongation continued through the distal nerve segment which had been frozen during the basic nerve injury. The nerve pinch test was performed 7 days after the second crush.
frozen nerve segment indicates a progressive degeneration of this BL glycoprotein in the absence of SCs. In contrast, in the distal segments of crushed and ligated nerves, which had not been frozen, proliferating SCs and their BL were intensely laminin-positive 16 days after nerve injury (Fig. 5c) . Immunoreactivity of laminin in the normal sural nerve is shown for comparison (Fig. 5d) .
Axon Regeneration through an Acellular Distal Nerve Segment after Inhibition of Proliferation and Migration of SCs into the Proximal Nerve Segment
In experiment C, mitomycin was injected into the proximal nerve stump immediately after crushing the sural nerve and freezing the nerve segment distal to the crush site in order to inhibit proliferation of SCs proximal to the crush site. Thereafter, sensory axons from the proximal stump of the injured sural nerve were allowed to regenerate for 6 wk. SC migration from the proximal nerve segment into the acellular distal nerve segment was examined immunohistochemically by antibodies against S-100 protein (Fig. 6 ). Four weeks after nerve injury, SCs were not found distal to the crush site in 4 treated nerves, confirming the inhibitory effect of mitomycin on the cell response to injury in the proximal nerve segment. In contrast, if mitomycin was not injected into the proximal stump at the time of nerve crush and freezing, the average distance covered by S-100 protein-positive SCs through the acellular distal nerve stump in 4 wk was 5.5 mm (n ϭ 2) from the crush site.
Eight days after injury, the average distance reached by the fastest regenerating sensory axons in the mitomycin injected nerves was about 12 mm (Fig. 7a) . This distance was significantly longer (p Ͻ 0.01) than the average distance (7 mm) at which the tips of the regenerating axons could be detected by the pinch test a week later, i.e. 14 days after injury. Twenty-eight days after sural nerve injury, the nerve pinch test was positive a few millimeters distal to the crush site in only 3 of 11 animals (average distance: about 2 mm). In the remaining 8 animals, the nerve pinch test was positive just proximal to the crush site. A pinch test performed 42 days after crushing the nerves was negative distally, but positive proximal to the crush site in all animals. All distances reached by the regenerating sensory axons in the mitomycin treated group (experiment C) were significantly shorter than the corresponding distances in the control group without application of mitomycin (experiment A) (p Ͻ 0.01).
In addition, the number of regenerating axons at 6 mm distal to the crush site was determined using the immunohistochemical reaction against neurofilament for visualization of axons in nerve cross sections (Fig. 8) . The number of regenerating axons in the acellular segments of the mitomycin treated sural nerves (experiment C) on day 28 was much lower than the number observed on day 14, whereas at day 42 there were no axons 6 mm distal from the crush site. The number of axons on day 14 and day 28 was not significantly different (p Ͼ 0.05) from that in the control group (experiment A), which did not receive mitomycin. The difference observed between these groups on day 42, however, was statistically significant (p Ͻ 0.01).
Effect of Prior Collateral Sprouting on Sensory Axon Regeneration in the Absence of Cell Support
In experiment D, cutaneous axons of the sural nerve had been allowed to sprout into the adjacent denervated skin for 2 wk before crushing and freezing the sural nerve. The fastest sensory axons regenerating through the acellular distal segment in these animals reached an average distance of 18 mm in 8 days after nerve injury as determined by the nerve pinch test (Fig. 7b) . Elongation of the regenerating axons thereafter slowed down, but in contrast to the animals without prior collateral sprouting (experiment A), the site of the positive pinch test did not retract towards the crush site during the remaining observation period. was significantly longer than that reached by the axons on day 8 after injury (approximately 17 mm; p Ͻ 0.01). Forty-two days after injury, the nerve pinch test was positive about 22 mm distal to the crush site. This was not significantly different from the distance reached by the regenerating sensory axons on day 28 (p Ͼ 0.05), indicating that the axons did not elongate during this period, but did not retract either. Separate experiments showed that by that time, SCs in the sprouting nerves migrated an average of 9 mm distal from the crush site into the formerly acellular distal nerve segment.
The number of regenerating axons at 6 mm distal to the crush site in sprouting (experiment D) and control nerves (experiment A) was also determined using the immunohistochemical reaction against neurofilament for the visualization of axons. The number of regenerating axons in the acellular segments of the sural nerves that had sprouted for 2 wk prior to crush was approximately twice that of the control, non-sprouting nerves (p Ͻ 0.01) (Fig.  8) . The difference between the number of the regenerating axons between the sprouting and control non-sprouting nerves was even more pronounced 28 days after nerve injury, whereas it became smaller although still significant 42 days after nerve injury because the number of axons in the non-sprouting nerves increased.
DISCUSSION
We found that the ability of sensory axons to regenerate through an acellular distal nerve segment in the absence of SCs is time-dependent. After a week of fairly rapid elongation (60%-70% of control rate) (9, 10), axon growth ceased and the site of the positive pinch test began to withdraw toward the crush site. Immunohistochemical analysis of regenerating axons supported these observations. Axon elongation recovered thereafter, although at a much slower rate. Prior collateral sprouting of sensory axons enhanced their subsequent regeneration in the absence of living SCs.
Cessation of Axon Elongation after a Week of Growth
Cessation of axon elongation could be due either to ''exhaustion'' of neuronal growth capacity or to growthpreventing conditions in the acellular distal nerve segment. We found that if the nerve segment lying proximal to the initial crush site was crushed and frozen 1 wk after the first crush, the regenerating neurons sustained equally rapid axon elongation in the absence of SC support also during the second week after the first lesion. This argues against neuron ''exhaustion'' and probably occurred because the regenerating axons were offered a freshly frozen distal nerve segment as a growth substratum since we ruled out the conditioning lesion effect in a control experiment. Therefore, it is unlikely that the halted axonal regeneration through the frozen nerve segment is due to neuronal injury, but is rather the result of deterioration of the microenvironment in the acellular nerve segment.
Freezing of the nerve segment destroys SCs but their BL remains intact (17) . The regenerating axons are so thin that even in pleated BL tubes they can find enough space for growth (9) . At the time corresponding to axonal growth arrest in our study, blood vessels were already present throughout the frozen nerve grafts (5) . This practically rules out mechanical obstacles and the delay of revascularization as a major cause of axonal growth cessation.
The BL in frozen nerves, however, undergoes progressive morphological destruction with time (5, 18) . In agreement with an earlier study (19) , we found that 9 days after nerve injury, the immunoreactivity against laminin in the BL of frozen nerve segments was still present. Sixteen days after nerve injury, however, laminin immunoreactive BLs degraded to a large though variable extent with a great decrease in laminin. In a control experiment, laminin immunoreactivity in the aneural distal stump containing proliferating SCs was still very intensive. The described degradation of laminin during the second week after freezing the nerve segment correlates well with the observed period of cessation of elongation of the regenerating sensory axons through the acellular nerve segment. Regarding the well documented importance of laminin for axonal elongation both in vivo and in vitro (20) (21) (22) , laminin degradation accompanying destruction of acellular BL is probably a major cause of cessation of axonal growth in the absence of SC support.
Retraction of Axons Regenerating in the Absence of Cell Support
The site of the positive pinch test withdrew towards the crush site from a distance of 16-17 mm at 11 days to about 6 mm from the crush site at 4 wk after the injury. This could be due either to complete degeneration of the neurons whose axons regenerated farthest, or retraction of their regenerating axons. Because the number of axons proximal to the lesion site in these nerves was not significantly different from the number of axons in the normal (control) regenerating nerves, it can be inferred that retraction of the positive pinch test site towards the crush site was not due to neuronal death, but rather to withdrawal of the regenerating axon terminals.
The regenerating axons withdrew to approximately the point reached by the proliferating SCs that had migrated from the proximal nerve segment into the formerly acellular distal segment. We assume that the axon terminals kept withdrawing until they contacted the migrating SCs offering them adhesive substratum and/or trophic support. Accordingly, after mitomycin inhibition of SC proliferation and migration, the retracting axons withdrew back to the crush site.
We can assume that the observed axonal retraction may be related to degradation of the adhesive growth substratum in the formerly acellular distal nerve segment; this is also supported by other investigations. Axon terminal withdrawal has already been described during regeneration of motor axons as a part of the synapse elimination process (23) . SC processes are removed from the motor endplates undergoing synapse elimination, but major adhesive substances are maintained (24) . However, adhesion may be impaired since proteolytic reactions promote axon withdrawal (25) . In the cerebellum, loss of adhesive contact was suggested as a signal for climbing fiber retraction (26) .
Recovery of Axon Elongation through the Frozen Nerve Segments
The second phase of elongation of sensory axons occurred during the fifth and sixth week of regeneration into a frozen distal nerve segment. The average elongation rate, however, was only about 0.2 mm/day, which is about 10 times less than during the first week. Since this phase of axon elongation was prevented by mitomycin, which inhibited SC proliferation, we infer that the second phase of axon elongation probably took place in the company of proliferating and migrating SCs, which substituted for the deteriorated growth substratum of the former BL tubes. Accordingly, it was reported that the elongation rate of axons regenerating together with proliferating and migrating SCs was also about 0.2 mm/day (9, 27) . SCs supported axon growth if added to acellular conduits (18, 28, 29) .
Prior Collateral Sprouting of Sensory Axons Enhances Subsequent Axonal Regeneration in the Absence of Cell Support
If the sensory axons of the sural nerve had been first induced to sprout collaterally into the denervated skin, elongation of their axons into the acellular nerve segment was prolonged for a few weeks, although at a reduced rate and axon withdrawal was prevented. According to the above-mentioned role of laminin degradation in axon growth arrest, we assume that prior collateral sprouting enhanced the capability of sensory neurons to elongate their axons and sustain them on a partly degraded growth substratum poor in laminin. Since both the levels of NGF in the denervated skin and expression of NGF receptors in the sprouting neurons are increased, these neurons are exposed to an increased load of NGF, which triggers sprouting (13, 14, 30) .
The delayed responses of sensory neurons to NGF should be considered to explain enhanced regeneration (31) . Application of NGF enhanced the level of GAP-43 in a subpopulation of sensory neurons (32, 33) , and GAP-43 overexpression in transgenic mice potentiated regeneration of crushed peripheral nerve axons (34) . Second, NGF selectively and on a long-term basis induced increased expression of specific laminin-binding integrin in rat pheochromocytoma PC12 cells (35, 36) . NGF was also found to stimulate rapid accumulation of integrins at the tips of growth cone filopodia (37) . Therefore, increased accumulation of integrins in regenerating axons may prolong growth over the substratum that is progressively deprived of laminin and help maintain the axons after the growth had stopped.
SC Dependence of Regenerating Sensory Neurons
Regeneration of sensory neurons is fairly independent of SCs in the distal nerve segment during an early phase after nerve crush. Even the proliferating SCs in the proximal nerve stump do not contribute much since inhibition of their proliferation in addition to SC elimination distally did not prevent rapid axon elongation (38, 39) . The intrinsic capacity of injured sensory neurons to elongate their axons in the absence of cell support distally is preserved for at least 2 wk. With a long acellular distal nerve segment, however, this capacity is thwarted already about 1 week after injury by deterioration of the growth substratum in this nerve segment involving laminin degradation. Axon growth therefore ceases. Moreover, the regenerating neurons are unable to maintain their axons in such an unfavorable environment and withdraw axon terminals until they contact the SCs again. Further axon elongation occurs only in the presence of proliferating and migrating SCs, becoming SC-dependent. The capability of regenerating sensory neurons to maintain their axons in spite of deteriorating growth substratum is enhanced if prior to injury the axons have been allowed to sprout into the denervated skin, which encompasses exposure of neurons to high levels of NGF involved in triggering collateral sprouting. It would appear that the effects of trophic factors such as NGF and those of permissive growth substratum complement each other for the benefit of effective axon elongation of sensory neurons regenerating under different conditions.
